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Genetically Modifying Arabidopsis thaliana with a Gene from Drought-Tolerant Xerophyte 
Larrea tridentata (Creosote Bush)
Norris Lam, Liyuan A. Zhang, Lingkun Gu, and Qingxi J. Shen
School of Life Sciences, University of Nevada, Las Vegas 89154
Abstract: L. tridentata, or desert creosote bush, is a xerophytic C3 plant native to the American Southwest, and is known to have evolutionarily developed sophisticated cellular mechanisms to deal with periods of intense abiotic stress. Particularly, complex signaling 
pathways in L. tridentata allow it to survive in periods of severe water deficiency. Through the findings of Zou et al. [5,6], LtWRKY21 synergistically works with abscisic acid (ABA) to transactivate both ABA-inducible HVA1 and HVA22 promoters. In addition, as 
ABA and gibberellic acid (GA) pathways are known to act antagonistically. Expectedly, the findings of Zou et al. suggest that LtWRKY21 activates ABA signaling pathways and represses GA signaling pathways [5,6]. More importantly, the LtWRKY21 
transcription factor’s synergy with ABA is directly linked to some remarkable molecular adaptations of L. tridentata, some of which include stomatal closure to prevent transpiration, and slowing down gene expression to withstand dehydration [6]. To examine some 
of these mechanisms, the model plant Arabidopsis thaliana will be transformed with the LtWRKY21 coding region via Agrobacterium-mediated transformation. Successful transformants will be selected and the subsequent generation of transgenic plants will be 
assayed. Both phenotypic (screening) and genotypic (qRT-PCR and Southern Blot) examination will allow the function and expression patterns of LtWRKY21 to be elucidated under simulated drought. In order for LtWRKY21 to be successfully transformed into 
Arabidopsis, a tumor-inducing (Ti) plasmid must be engineered to carry LtWRKY21. 
Introduction
WRKY transcription factors have been identified as repressors and activators of pathways 
involved in biotic stress (pathogen attack) and abiotic stress (heat, salinity, desiccation, 
and cold) [3]. By examining WRKY transcription factors in plants known to tolerate high 
degrees of abiotic stress, plants can be genetically modified to conserve water. The issue of 
water conservation can be linked to global agriculture, on which global warming is having 
a negative effect. Many suffer from malnutrition, as the environment in which they live 
fails to sustain crops. A major factor accelerating famine is drought. Water shortages 
translate to the lack of fertile land for agriculture, resulting in inadequate food supplies. By 
focusing on a plant that thrives in an extremely arid climate, crops can be engineered to 
require less water, improving the sustainability of regions of the world negatively 
impacted by drought. In this project, an Agrobacterium tumefaciens binary tumor-inducing 
(Ti) vector will be engineered to carry the LtWRKY21 coding region. The coding region, in 
addition to the drought-inducible RD29A promoter and three copies of a hemagglutinin 
epitope tag (3xHA-tag), will be incorporated into the transfer DNA (T-DNA) of the binary 
vector. This section of the binary vector will be subject to horizontal gene transfer as a 
result of the process of Agrobacterium-mediated transformation. The T-DNA containing 
LtWRKY21 will be transformed into Arabidopsis. Once mutant plants are selected and 
subsequent generations are produced, the drought-tolerance of the genetically-modified 
plants will be experimentally determined by inducing varying levels of osmotic stress. 
Methods and Materials
Genomic DNA Extraction: The RD29A promoter and terminator sequences were identified from the 
fifth chromosome of Arabidopsis. In order to amplify RD29A promoter and terminator, the genomic 
DNA of Arabidopsis was extracted from 3-4 rosette leaves of two week old plants. The rosette leaves 
were frozen in liquid nitrogen and powdered. The DNA was extracted from the leaves using the CTAB 
buffer (55mM hexadecyltrimethylammonium bromide, 1.4M NaCl, 100mM Tris-HCl, 20mM EDTA, 
adjusted to pH 8.0) extraction method.
Construct Preparation: To facilitate cloning, the cloning vector pBlueScript SK+ was used as an 
intermediate before cloning into the Agrobacterium binary Ti vector pGreenII. Due to the lack of a 
replicase gene in pGreenII, a helper plasmid, pSoup, was used [2]. Long-term storage pBlueScript SK
+, pGreenII, and pSoup had been prepared from XL1-Blue Escherichia coli cells (Stratagene/Agilent 
Technologies). 
3xHA-Tag Synthesis: The 3xHA-tag was designed using a modified JavaScript based on the 
Arabidopsis codon usage table. Once fused to the LtWRKY21 coding region, it could be targeted by an 
anti-HA antibody (Sigma) for protein purification/Western blot analysis. Two long, single-stranded 
oligonucleotides were manufactured (IDT), phosphorylated (using Promega T4 Polynucleotide 
Kinase), and annealed (in NEB 10x T7 DNA Polymerase Buffer). The long oligonucleotides were 
designed to produce XmaI and BamHI sticky ends upon annealing to facilitate cloning.
T-DNA Synthesis: The T-DNA, the section of DNA that will be transformed into Arabidopsis, consists 
of the drought-inducible RD29A promoter, the LtWRKY21 coding region, 3xHA-Tag, the RD29A 
terminator, and a kanamycin resistance gene (Kanr). Each component of the T-DNA (with exception to 
Kanr), was cloned into the multiple cloning site (MCS) of pBlueScript SK+ for blue/white screening 
(125µl 20mg/ml X-Gal and 50µl 20mM IPTG per plate). The vectors were sent to the Nevada 
Genomics Center for sequencing verification using T7 (TAATACGACTCACTATAGGG) and T3 
(ATTAACCCTCACTAAAGGGA) primers.
Rationale
Fig. 1: LtWRKY21 and the RD29A Promoter [5,4]
UBI-GFP or UBI-GFP-LtWRKY21 plasmids were introduced
into the barley aleurone cells by particle bombardment, and the
GFP fluorescence was visualized using confocal microscopy. In
control, GFP fluorescence was observed throughout the cells
(Fig. 3A). In contrast, GFP-LtWRKY21 fusion proteins were
localized exclusively in the nuclei (Fig. 3C), as confirmed by
SYTO17 staining (Fig. 3, B and D).
LtWRKY21 Transactivates the HVA22 Promoter—To test the
function of LtWRKY21 on ABA signal transduction pathways,
we used a reporter construct that contains the GUS reporter
gene driven by the promoter of HVA22, an ABA-responsive
gene in barley (32). The effector construct, UBI-LtWRKY21,
was co-introduced to evaluate its effect on ABA signaling. As
shown in Fig. 4, a very low level of GUS activity was observed
in the absence of ABA. The exogenous ABA (20 !M) treatment
resulted in a 30-fold enhancement of GUS activity over that
found with the ABA-untreated control. Expression of UBI-
LtWRKY21 resulted in a 7-fold induction in the absence of
ABA. Interestingly, LtWRKY21 synergistically interacted with
ABA to transactivate the expression of the HVA22 promoter,
leading to a 47-fold induction.
The Activating Effect of LtWRKY21 on the Expression of the
HVA22 Promoter Is Dosage-dependent—The activating effect of
LtWRKY21 was further confirmed by a dosage experiment, in
which the amount of reporter plasmid was always constant,
whereas that of the effector varied from 0 to 100% (Fig. 5). As
expected, when the HVA22-GUS construct was transformed
alone, the treatment with 20 !M ABA led to a 31-fold induction
ofHVA22-GUS. The expression of theHVA22-GUS in response
to ABA treatment increased gradually with the increment of
the UBI-LtWRKY21 effector construct. When the relative
amount of effector to reporter was 25 and 50%, the GUS ex-
pression, in reference to the control (no ABA, no effector), was
induced by a factor of 57 and 62, respectively. The GUS activ-
ities increased to 74-fold and reached a plateau with the higher
amounts of the effector construct (75 or 100%). These data
indicated that under these conditions, LtWRKY21 is a tran-
scriptional activator of ABA signaling. To our knowledge, this
is the first report of such activity by a WRKY protein.
The EAR Motif at the N Terminus and the C-terminal Region
Containing the WRKY Domain of LtWRKY21 Are Essential for
Its Transactivating Activity—To further demonstrate the spec-
ificity of LtWRKY21 on activating ABA induction, mutagenesis
experiments were carried out to try to change its activity. A
stop codon was introduced at amino acid 165 (mutant 1), which
is upstream from the WRKY domain. The purpose was to
produce a truncated protein missing the WRKY domain and
the rest of the C-terminal region. As shown in Fig. 6, the
expression of the HVA22 promoter increased 35-fold after ABA
treatment. The wild type LtWRKY21 gene alone activated the
expression of the HVA22 promoter by 5-fold. ABA treatment
along with LtWRKY21 expression resulted in a 60-fold induc-
tion. However, when the LtWRKY21 mutant 1 was co-ex-
pressed, the induction of GUS was 28-fold, which is comparable
with that of the ABA treatment alone (35-fold; Fig. 6).
Interestingly, the EARmotif (Fig. 2) is reported to be present
in transcriptional repressors only. The presence of such a motif
in LtWRKY21 (a clear activator under the experimental condi-
tions) is intriguing. Thus, the DLN residues at the 12th–14th
positions were mutated to ARV (mutant 2; Fig. 6). In the
presence of ABA, wild type LtWRKY21 activated HVA22-GUS
expression by 60-fold. However, mutation of the EAR motif
decreased the induction level to 21-fold (Fig. 6). In summary,
the results presented in Fig. 6 suggested that the EAR domain
and C-terminal region of LtWRKY21 are necessary for its
transactivating activity in ABA signaling.
LtWRKY21 Interacts Synergistically with ABA and VP1 to
FIG. 3. The GFP-LtWRKY21 fusion protein was localized in the
nuclei. A, the GFP fluorescence from cells bombarded with the UBI-
GFP construct. C, the GFP fluorescence from UBI-GFP-LtWRKY21. B
and D, nuclei in the same cells as in A and C that were stained with
SYTO17, respectively. The bars represent 20 !m.
FIG. 4. LtWRKY21 synergistically interacts with ABA to trans-
activate the expression of the HVA22 promoter. A, schematic
diagrams of the reporter and effector constructs used in the co-bom-
bardment experiment. HVA22 is an ABA-responsive gene. UBI pro-
moter is from the maize ubiquitin gene. HVA22-T represents the ter-
minator sequence of HVA22. B, the reporter construct, HVA22-GUS,
and the internal construct, UBI-luciferase, were co-bombarded into
barley half-seeds either with (!) or without (") the effector construct
(UBI-LtWRKY21) by using the same amount of effector and reporter
constructs (1.43 !g/shot). GUS activity was normalized in every inde-
pendent transformation relative to the luciferase activity. The bars
indicate GUS activities# S.E. after 24 h of incubation of the bombarded
half-seed with (!) or without (") 20 !M ABA. The data are the means#
S.E. of four replicates.
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Fig. 5. Northern blot analysis of RD29 expression in seeds. Each 
lane was loaded with 30 gg of total RNA prepared from flowers 
(lane 1), developing seeds (including siliques) harvested the in- 
dicated number of days after anthesis (lanes 2-5), fully hydrated 
plants (lane 6), and plants that had been desiccated for 10 h (lane 
7). Northern blot hybridization was performed with the probe 
described in the legend to Fig. 1 
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Fig. 7. Induction of J3-glucuronidase (GUS) activity in transgenic 
Arabidopsis plants after exposure to desiccation, cold, salt stress or 
ABA. Top. Structure of the rd29A/GUS fusion construct. A 961 bp 
fragment of the rd29A promoter region ( -880 to + 81) was fused 
to the coding region of the GUS reporter gene. The nucleotide 
sequence at the junction between the rd29A promoter region and 
the GUS reporter gene is shown. Bottom. Average GUS activities 
in transgenic Arabidopsis rosettes exposed to desiccation (a), high- 
salt conditions (b), cold (c), 100 gM ABA (d), or water (e). Numbers 
on the abscissa indicate the duration of treatment in hours. GUS 
activity was measured in ten independently obtained transgenic 
plants 
b 
The rd29A/GUS fusion gene is expressed in all tissues 




Fig. 6. Expression of rd29A and rd29B m response to desiccation 
and to ABA. Ten micrograms of total RNA was isolated from 
Arabidopsis plants that had been desiccated (a, c) or treated with 
ABA (b, d) for the indicated time, in hours, and RNA was analyzed 
by Northern blotting with gene-specific probes from the 3' flanking 
sequences of rd29A (a, b) and rd29B (c, d) 
We analyzed the distr ibution o f  the expression o f  the 
rd29A/GUS fusion gene in transgenic Arabidopsis plants. 
Figure 8 shows expression o f  rd29A/GUS in transgenic 
plants raised under  normal  g rowth  condi t ions  as well as 
under  a water  deficit. Figure 8D shows the weak ex- 
pression o f  the rd29A/GUS fusion gene in several regions 
o f  rosette plants raised under  normal  g rowth  condit ions.  
G U S  activity in leaves was found  in the tr ichomes,  as 
shown in Fig. 8E. We also found  weak G U S  activity in 
the major  veins o f  the cotyledons (Fig. 8F), in the vas- 
cular bundles o f  the roots  (Fig. 8D), in the transi t ion 
zone between roots  and stems (Fig. 8D) and in petioles 
(Fig. 8D). 
When  transgenic Arabidopsis plants conta in ing the 
rd29A/GUS fusion were desiccated for  8 h under  the 
Table 1.13-Glucuronidase (GUS) activity 
in leaves and seeds of transgenic plants 
Average GUS activity, Ratio 1 Ratio 2 
Untreated Desiccated Seed (b/a) (c/a) 
leaf leaf (c) 
(a) (b) 
Arabidopsis 11713 194772 11154 16.6 0.9 
tobacco 1393 22307 33 587 16.5 24.2 
" Average GUS activities (pmol of product generated per rain per mg of protein) were 






The RD29A promoter was amplified from Arabidopsis genomic DNA. 2kbp were taken upstream 
from the transcriptional start site of the RD29A coding region. The 2kbp sequence was PCR 
amplified using two primers designed from the 5’ and 3’ end of the sequence. XhoI and SalI 
restriction enzyme sites were included in the primers to facilitate cloning. To verify the ligation 
into pBlueScript SK+, the restriction enzyme SpeI was used. 




The LtWRKY21 coding region was amplified from a PCR template used by Zou et al [5,6]. The 
template had been previously amplified from a L. tridentata cDNA clone obtained from Dr. John 
Cushman (University of Nevada, Reno). The ~1kbp sequence was amplified using two primers 
containing PstI restriction enzyme sites. The stop codon from the coding region was excluded 
during amplification in order to produce a fusion protein with the 3xHA-tag. To verify the ligation 





The 3xHA-tag was prepared as dictated in the “materials and methods” section. The 3xHA-tag 
protein sequence is YPYDVPDYA. The DNA sequence was determined to be 
TATCCTTATGATGTTCCTGATTATGCT. Three consecutive copies of this sequence were 
compiled. The stop codon (TAA) was introduced to the 3’ end of the last copy of HA to complete 
the fusion protein LtWRKY21::3xHA-Tag. PCR, using T7 and T3, primers was used to verify the 
ligation into pBlueScript SK+.






The RD29A terminator was amplified from Arabidopsis genomic DNA. 2kbp were taken 
downstream from the 3’ UTR. The 2kbp terminator sequence was PCR amplified using two 
primers designed from the 5’ and 3’ end of the sequence. XbaI restriction enzyme sites were 
included in the primer sequences to facilitate cloning. To verify the ligation of the RD29A 
terminator to pBlueScript SK+, the restriction enzyme HindIII was used. 
Future Plans
Fig. 6: pDT01012004/pBlueScript SK+ with T-DNA 
Insertion
All components of the engineered section of the T-DNA will be cloned into pBlueScript SK+ to 
simplify cloning into the master Agrobacterium binary Ti vector pGreenII. The T-DNA section 
will be excised out of pBlueScript SK+ using restriction enzymes XhoI and NotI. 
Fig. 7: pDT02012001 (pGreenII with T-DNA Insertion) and 
pSoup [2]
After excision out of pDT01012004, the T-DNA section will be ligated into the Agrobacterium 
binary Ti vector pGreenII via XhoI and NotI restriction enzyme sites to produce pDT02012001. It 
will be cotransformed with the pSoup helper plasmid into C58 Agrobacterium competent cells.
Fig. 8: Floral Dip Agrobacterium-mediated Transformation of 
LtWRKY21-Engineered T-DNA[1]
Incubate in dark 
and moist
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Fig. 2: RD29A Promoter
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